Background: Hsp90 binding immunophilins may be regulators of the NF-B mechanism of action. Results: FKBP51 and FKBP52 show antagonistic properties on the nuclear accumulation and transcriptional activity of NF-B. Conclusion: Both immunophilins modulate NF-B trafficking and NF-B transcription when they are recruited to the promoter regions of target genes. Significance: The competitive effect between both immunophilins in different cell types may explain the pleiotropic actions of NF-B. . 2 The abbreviations used are: NF-B, nuclear factor-B; IB, inhibitor of B;
Hsp90 binding immunophilins FKBP51 and FKBP52 modulate steroid receptor trafficking and hormone-dependent biological responses.
With the purpose to expand this model to other nuclear factors that are also subject to nuclear-cytoplasmic shuttling, we analyzed whether these immunophilins modulate NF-B signaling. It is demonstrated that FKBP51 impairs both the nuclear translocation rate of NF-B and its transcriptional activity. The inhibitory action of FKBP51 requires neither the peptidylprolyl-isomerase activity of the immunophilin nor its association with Hsp90. The TPR domain of FKBP51 is essential. On the other hand, FKBP52 favors the nuclear retention time of RelA, its association to a DNA consensus binding sequence, and NF-B transcriptional activity, the latter effect being strongly dependent on the peptidylprolyl-isomerase activity and also on the TPR domain of FKBP52, but its interaction with Hsp90 is not required. In unstimulated cells, FKBP51 forms endogenous complexes with cytoplasmic RelA. Upon cell stimulation with phorbol ester, the NF-B soluble complex exchanges FKBP51 for FKBP52, and the NF-B biological effect is triggered. Importantly, FKBP52 is functionally recruited to the promoter region of NF-B target genes, whereas FKBP51 is released. Competition assays demonstrated that both immunophilins antagonize one another, and binding assays with puri-fied proteins suggest that the association of RelA and immunophilins could be direct. These observations suggest that the biological action of NF-B in different cell types could be positively regulated by a high FKBP52/FKBP51 expression ratio by favoring NF-B nuclear retention, recruitment to the promoter regions of target genes, and transcriptional activity.
Because NF-B 2 was discovered in 1986 as a transcription factor able to bind to the enhancer element of the immunoglobulin light chain of activated B cells (1) , it became clear that in addition to having a crucial role in innate immunity, it is also able to regulate many other basic functions of the cell such as inflammatory responses, cell development, programmed cell death, proliferation control, and tumorigenesis (see Refs. [2] [3] [4] for recent comprehensive updates). NF-B is actually regarded as a family of structurally related homologues that in mammals comprises p50 (NF-B1), p52 (NF-B2), p65 (RelA), RelB, and c-Rel. All of these proteins share a highly conserved DNA binding and dimerization domain known as RHD (Rel homology domain) and could potentially form up to 15 types of dimers. Nonetheless, the physiological existence of all of these dimers has not been demonstrated to date, the p50⅐RelA heterodimer (the p65/RelA subunit will be named RelA onward) being unquestionably the most abundant in all cell types (5) . On the other hand, the NF-B family may be divided from the transcriptional perspective into two groups based on the occur-rence of the C T -transactivation domains, which are only present in RelA, RelB, and c-Rel (5) .
All Rel factors form homodimers or heterodimers with the sole exception of RelB, which forms only heterodimers. The relative abundance of different NF-B proteins may vary in different tissues and cell types, whereas the p50⅐RelA heterodimer is highly ubiquitous and the most frequently detected complex in most cell types of all tissues (6) .
In unstimulated cells p50⅐RelA heterodimers are normally retained in the cytosol in an inactive form due to their association with the inhibitory factor IB through an ankyrin repeat domain (7) . Upon cell stimulation, IB is phosphorylated by the kinase IKK, dissociated from the complex with NF-B proteins, and targeted to proteasomal degradation. This allows the nuclear translocation of the NF-B heterodimer (8) . Nonetheless, a dynamic nuclear-cytoplasmic shuttling of NF-B complexes always takes place (9 -11) allowing a low basal transcriptional activity of NF-B given the fact that the IB⅐NF-B complex is also subject to dynamic dissociation/reassociation events. The nuclear-cytoplasmic shuttling of NF-B resembles that observed of steroid receptors where the inactive cytoplasmic form of these ligand-dependent transcription factors must translocate to the nucleus upon stimulation with steroid hormones (12) (13) (14) .
In previous studies our laboratory and others have reported that the 51-and 52-kDa FK506-binding proteins FKBP51 and FKBP52 are responsible in a mutually exclusive fashion for the retrotransport mechanism of GR (15, 16) and mineralocorticoid receptor (17, 18) . Both FKBPs are also regulators of the ligand-dependent transcriptional activity for those receptors (18 -20) and other members of the family such as PR (21, 22) , AR (23, 24) , and to a minor degree, estrogen receptor ␣ (22, 25) . These Hsp90 binding immunophilins are highly homologous and share 60% homology and 75% similarity (26) . They are structurally characterized by the presence of two key sequences: the TPR domain, through which they bind to Hsp90, and the peptidyl-prolyl isomerase (PPIase) domain (27) , where the macrolide FK506 and also the dynein⅐dynactin motor complex bind. Both domains are essential for the retrotransport mechanism of steroid receptors (14, 28) , although the enzymatic activity of the PPIase domain does not appear to be essential. Upon steroid binding, FKBP51 is released from the receptor⅐Hsp90 heterocomplex and is replaced by FKBP52, which recruits dynein⅐dynactin motor proteins favoring the transport of the receptor to the nucleus on microtubule tracks (29) .
Inasmuch as both types of transcription factors, steroid receptors and NF-B, show similar requirements for subcellular redistribution upon the onset of a given activating stimulus, we asked whether NF-B proteins could also be regulated by immunophilins in a similar fashion as GR and mineralocorticoid receptor. Therefore, we investigated the potential association of FKBP51 and FKBP52 with RelA, whether such complex affects the nuclear translocation of RelA, and how these immunophilins influence the transcriptional activity of NF-B.
EXPERIMENTAL PROCEDURES
Cell Culture and Treatments-Human embryonic kidney HEK 293-T cells were grown at 37°C in a humidified atmo-sphere of 5% CO 2 , 95% O 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum and antibiotics (50 units/ml penicillin and 50 mg/ml streptomycin). Human placenta choriocarcinoma BeWo cells were grown in DMEM/F-12 (1:1) medium supplemented with 10% fetal bovine serum and antibiotics. Transcriptional activity was measured in cells transfected with pNF-B cis-reporter plasmid (Stratagene, La Jolla, CA, catalog no. 219078-51) as described previously (18) . After 24 h post-transfection, cells were washed, and the culture medium was replaced by serumfree DMEM. Cells were stimulated with 100 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma) for 7 h. Results were expressed as the percentage of NF-B activation after discounting the basal activity and normalized to the ␤-galactosidase expression. Overexpression of FKBP proteins (wild type or mutants) was achieved by transfection of 1 g of pCI-neo-hFKBPs or empty vector per well of 35 mm containing 1 ml of medium following the calcium phosphate precipitation standard method (18) . The HEK-FKBP51 cell line stably transfected with hFKBP51 (termed 51 ϩ ) was obtained by transfection of HEK 293 cells with pCI-neo-hFKBP51 followed by selection in 400 g/ml Geneticin (G418; Invitrogen)-containing medium for a period of 30 days. The stably transfected cells were usually cultured in DMEM supplemented with 10% fetal bovine serum and 200 g/ml G418.
Zymographies-Gelatin zymography assays for PMA-stimulated BeWo cells were achieved following a standard method described in the literature (30) . Briefly, the assays were performed running a 10% SDS-PAGE with 1 mg/ml gelatin polymerized in the gel (0.75-mm thickness). Gels were loaded with samples diluted (1:1) in non-reducing buffer (12.5% 0.5 M Tris-HCl, pH 6.8, 10% glycerol, 4% SDS, and 0.05% bromphenol blue). After electrophoresis, gels were washed twice with 2.5% Triton X-100 in PBS for 15 min, incubated with the reaction buffer (50 mM Tris-HCl, 30 mM CaCl 2 , 0,15 mM NaCl, pH 7.6) for 18 h at 37°C, stained with 0.5% Coomassie Brilliant Blue R-250 solution (containing 30% methanol and 10% acetic acid) for 30 min under gentle shaking, and destained twice for 20 min with a solution containing 5% ethanol and 8% acetic acid. Gels were scanned with a charge-coupled device (Fuji Film) and analyzed by densitometry with National Institutes of Health Scion-Image Software.
IL-6 Expression-BeWo cells were plated in 24-well plates at a concentration of 3 ϫ 10 3 cells per well. The next day cells were transfected with the proper pCI-neo plasmid encoding for the proper immunophilin (or empty vector), and 24 h after the culture, medium was replaced by serum-free DMEM-F-12 and incubated with or without 100 ng/ml PMA for 24 or 48 h or with IL-1␤ (0.5 ng/ml). The concentration of IL-6 en the culture supernatant was measured using commercial ELISA kit from Roche Applied Science according to the manufacturer's guidelines. Results were normalized by the total amount of protein of each well.
Indirect Immunofluorescence Assays-Cells grown on polylysine-coated coverslips were fixed with 3% p-formaldehyde for 30 min and permeabilized with 0.1% Triton X-100 as described (31) . Indirect immunofluorescence was performed using 1/100 dilutions of the following primary antibodies: rabbit monoclo-nal IgG anti-FKBP51 (Affinity BioReagents, Golden, CO), MG19 mouse monoclonal IgG anti-FKBP51 (32), UP30 rabbit antiserum against FKBP52 (33) , and anti-HA or anti-RelA mouse monoclonal antibodies (Santa Cruz Biotechnology, Dallas, TX) to detect transfected RelA protein or endogenous RelA protein, respectively. These incubations were followed by a subsequent incubation with 1/200 dilutions of the proper Alexa-labeled secondary antibody (Molecular Probes, Eugene, OR). The subcellular distribution of these proteins was monitored by confocal microscopy using an Olympus Fluoview 1100 microscope. Image analyses for co-immunolocalization of FKBPs and RelA were carried out using the colocalization threshold plug-in of the Image-J program (v.1.45) from the National Institutes of Health as described (31) .
Immunoprecipitation Assays-After the indicated treatment, cells were washed 3 times with phosphate-buffered saline at pH 7.3, scrapped, and homogenized in HEM buffer (10 mM Hepes buffer at pH 7.4, 1 mM EDTA, and 20 mM Na 2 MoO 4 ). After a centrifugation for 30 min at 4°C at 120,000 ϫ g, RelA was immunoprecipitated from 300 l of cytosol (ϳ4 mg/ml protein) with 2 l of anti-RelA (or anti-FKBP51) antibody and 30 l of 50% g/v protein A-Sepharose (Sigma) under rotation for 2 h at 4°C. Pellets were washed 5 times with 1 ml of HEM buffer, and proteins were resolved by Western blotting (0.05%v/v dilution for primary antibodies and 0.02% v/v dilution for horseradish peroxidase-labeled secondary antibodies) and visualized by enhanced chemiluminescence.
Electrophoretic Mobility Shift Assays (EMSA)-Nuclear fractions of HEK 293-T cells were isolated as previously described (34) . An oligonucleotide containing the consensus sequence of NF-B (AGTTGAGGGGACTTTCCCAGG; catalog no. E3292; Promega, San Luis Obispo, CA) was end-labeled with [␥-32 P]ATP (PerkinElmer Life Sciences) using T4 polynucleotide kinase (Promega, Madison, WI) and purified using ChromaSpin-10 columns (Sigma). Samples were incubated for 20 min at room temperature in binding buffer (10 mM Tris-HCl buffer, pH 7.5, 20% (v/v) glycerol, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5mMdithiothreitol,50mMNaCl,and0.05mg/mlpoly(dI-dC))with labeled oligonucleotide (2-3 ϫ 10 5 cpm). For supershift assays, samples were incubated in the presence of mouse antibodies anti-RelA, anti-FLAG (clone M2, Sigma), anti-HA, or mouse non immune IgG (Santa Cruz Biotechnology., Dallas, TX) before the addition of labeled oligonucleotide. The products were separated by electrophoresis in a 5% (w/v) non-denaturing polyacrylamide gel using 45 mM Tris borate, 1 mM EDTA as the running buffer. Gels were dried, the radioactivity was revealed with Kodak x-ray film, and images were scanned in a Fuji Film Intelligent Dark Box II with a Fuji film LAS-1000 digital camera (Stanford, CA). The specificity of the shifted complexes was assessed after a pretreatment of 30 min with a 1-100-fold molar excess of cold competitor (B) and by using non-immune antibodies.
Chromatin Immunoprecipitation (ChIP)-ChIP was performed following a modification of a previously described method (35) . Briefly, proteins and DNA were cross-linked after HEK 293-T cell treatment with 1% formaldehyde for 10 min at 37°C and neutralized with glycine added at a final concentration of 0.125 M. Cells were rinsed twice with cold PBS, scraped, and centrifuged at 800 ϫ g for 5 min at 4°C. Cells were washed with PBS and homogenized in SDS lysis buffer (1% (w/v) SDS, 10 mM EDTA, 50 mM Tris-HCl buffer, pH 8.1) containing protease inhibitors (protease inhibitor mixture, Roche Applied Science). Chromatin was fragmented in 500 -800-bp fragments by sonication, lysates were centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatants were diluted 10-fold in ChIP dilution buffer (1% (v/v) Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl buffer, pH 8.1). Extracts were precleared with protein A-agarose 50% slurry (antibody binding beads, Diagenode, Denville, NJ 07834) for 30 min at 4°C. Immunoprecipitations were performed overnight at 4°C using the UP30 rabbit antiserum against FKBP52 or the MG19 mouse monoclonal IgG against FKBP51. Samples were incubated with protein A-agarose for 1 h, and the immune complexes were collected by centrifugation (1000 rpm at 4°C), washed, and extracted with 1% SDS, 0.1 M NaHCO 3 . The cross-linking was reversed by heating with 5 M NaCl at 65°C for 4 h. Chromatin-associated proteins were digested with proteinase K, and the samples were extracted with phenol/chloroform followed by precipitation with ethanol. The pellets were lysed in nuclease-free water and subjected to real-time PCR. The MMP9 primers used for PCR were synthesized by GenBiotech (Buenos Aires, Argentina), and their sequences are CCCTCCCTCCCTTTCATACAGTTC (forward) and GCTTACACCACCTCCTCCTCTC (reverse).
Statistics-Data were analyzed by one-way analysis of variance using Statview 5.0 (SAS Institute Inc., Cary, NC). Fisher's least significance difference test was used to examine differences between group means. A p Ͻ 0.05 was considered statistically significant. Values are shown as the means Ϯ S.E.
RESULTS

FKBP51 and FKBP52 Affect NF-B Nuclear Translocation-
In previous studies we showed that FKBP52 favors the nuclear translocation of steroid receptors (15, 17, 36) , p53 mutant isoforms (37) , and RAC3 (38) . This is achieved by linking the corresponding client protein⅐Hsp90 complex to the dynein⅐ dynactin motor complex. On the other hand, it is regarded that FKBP51 impairs this mechanism (18, 19, 39) . Recently, it has been reported that the RelA subunit of NF-B is also associated to components of the dynein⅐dynactin complex (11, 40) . Inasmuch as all of these transcription factors (steroid receptors, p53, RAC3, and NF-B) are primarily localized in the cytoplasm and must be transported to the nucleus upon proper stimulation, we hypothesized that NF-B nuclear translocation could also be modulated by Hsp90 binding immunophilins in a similar fashion.
To test that premise we used HEK 293-T cells as they not only show high efficiency for transfections but also a relatively low level of expression of endogenous FKBP51 and FKBP52 compared with other cell types, making these cells a highly sensitive system to evidence changes in the biological responses due to variations in the expression level of these immunophilins. Cells were cotransfected with pcDNA3-HA-RelA and pCI-neo empty vector, pCI-neo-FLAG-hFKBP51, or pCI-neo-hFKBP52. After 24 h the cells were stimulated with a timecourse of PMA (0 -60 min), and the nuclear localization of RelA was analyzed by confocal microscopy and scored ( Fig. 1A) .
Although RelA reaches a maximal nuclear accumulation after 30 min of stimulation with PMA and cycles back to cytoplasm very rapidly ( Fig. 1A, lower panel) , the overexpression of FKBP51 strongly delays nuclear accumulation such that RelA remains for longer periods of time in the cytoplasm (Fig. 1A , middle panel). On the other hand, the overexpression of FKBP52 does not affect the nuclear import rate of RelA but significantly increases the nuclear retention time of the transcription factor. The rapid cycling to the cytoplasm of NF-B observed in control cells after 30 min agrees with previously reported data (9, 34, 41, 42) , whereas both effects of the immunophilins, i.e. the nuclear translocation rate and nuclear retention time of the associated cargo, are quite similar to those previously reported for steroid receptors (14) . This observation suggests a similar regulatory mechanism by both TPR-domain immunophilins for both unrelated transcription factors. Fig. 1 , B-E, show indirect immunofluorescence images by confocal microscopy of the RelA subunit of NF-B (red) and either immunophilin FKBP51 or FKBP52 (green). The far right images of all panels show a colocalization analysis performed with the ImageJ program to analyze the actual colocalization mask between both proteins (shown in white). Note the poor accumulation of RelA in the nucleus of the cell that overexpresses FKBP51 (Fig. 1, B and D, white arrows) compared with the other untransfected cells of the field. Interestingly, both immunophilins increased the respective nuclear pool colocalizing with NF-B upon cell stimulation with either stimulus, PMA, or TNF␣ (Fig. 1 , C and E, yellow arrows), suggesting the potential existence of nuclear interactions. 
FKBP51 and FKBP52 Form Complexes with NF-B-In view
of the previous observations we asked whether both immunophilins form complexes with NF-B. In this sense, we noted some differences in the subcellular localization of endogenously and exogenously expressed FKBP51. Fig. 2A shows a co-immunoprecipitation assay of endogenous FKBP51 with endogenous RelA in unstimulated cells (ϪPMA). The lack of significant concentration of FKBP51 in the nucleus observed by confocal microscopy in Fig. 1 was confirmed by cell fractionation ( Fig. 2B ), demonstrating that RelA⅐FKBP51 complexes are mostly cytoplasmic unless FKBP51 is highly expressed, a situation where a significant fraction of FKBP51 is also recovered in the nuclear fractions of stimulated cells. This observation resembles the well known action of this immunophilin on the subcellular distribution of steroid receptors (17, 18, 43) . Consistent with those images observed in Fig. 1 and the cell fractionation shown in Fig. 2B, Fig. 2C also shows that higher levels of expression of FKBP51 make the immunophilin stay more associated to NF-B in PMA-stimulated cells than in unstimulated cells (compare with Fig. 2A for endogenous FKBP51) . Fig.  2D confirms the interaction by reverse co-immunoprecipitation, i.e. RelA was co-immunoadsorbed with FKBP51. As expected, Hsp90 is also co-immunoadsorbed as the immunophilin forms several complexes with Hsp90. However, it is noteworthy that the interaction of FKBP51 with the transcription factor is Hsp90-independent ( Fig. 2A ). This is a structural difference regarding the steroid receptors complexes, where the association of TPR-domain immunophilins with the transcription factor is entirely dependent on Hsp90. Fig. 2E also demonstrates that endogenous Hsp70 is part of an endogenous complex with RelA, as was recently suggested in similar assays with overexpressed proteins (44) .
Inasmuch as FKBP51 is associated with steroid receptors in a ligand-free medium and is exchanged by FKBP52 upon steroid binding (16 -18) , whether or not this is the case for NF-B activation was investigated. Fig. 2F shows that FKBP52 is recruited to RelA in an Hsp90-independent manner when cells were incubated with PMA. Because FKBP51 is no longer recovered with RelA in the presence of PMA ( Fig. 2A) , it is likely that FKBP51 is swapped with FKBP52 as was previously described for steroid receptors. In contrast to the case for steroid receptors, the binding of immunophilins to NF-B does not depend on the presence of Hsp90. Therefore, it was speculated that FKBP52 could bind directly to RelA. This is supported by the FIGURE 2. FKBP51 and FKBP52 form complexes with NF-B. A, HEK 293-T cells were incubated with (ϩ) or without (Ϫ) 100 ng/ml PMA for 30 min, and endogenous RelA was immunoadsorbed with a specific IgG (I) or a non-immune IgG (NI). IP, immunoprecipitate. B, HEK 293-T cell transfected with pCI-neo empty vector (Ϫ) or pCI-neo-FLAG-hFKBP51 (ϩ) were incubated with 100 ng/ml PMA for 30 min (ϩPMA) and then subjected to subcellular fractionation into cytosolic (CF) and nuclear (NF) fractions as described in a previous work (34) . C, RelA was immunoprecipitated with a specific IgG (I) or a non-immune IgG (NI) from whole extracts of cells co-transfected with pcDNA3-HA-RelA and pCI-neo-FLAG-hFKBP51. D, FKBP51 was immunoprecipitated from whole extracts of the HEK 293-FKBP51 cell line that constitutively overexpresses FKBP51. E, endogenous RelA was immunoprecipitated from whole cell extracts of HEK 293-T and hsp70 was revealed by Western blot. F, HEK 293-T cells were incubated with (ϩ) or without (Ϫ) 100 ng/ml PMA for 30 min, and RelA was immunoprecipitated with a specific IgG (I) or a non-immune IgG (NI). F, HEK 293-T cells were incubated with (ϩ) or without (Ϫ) 100 ng/ml PMA for 30 min. Endogenous RelA was immunoadsorbed, and proteins were resolved by Western blot. G, direct interaction of FKBP52 with RelA. HA-tagged RelA was immunopurified, stripped of associated proteins with RIPA buffer/1 M NaCl, and incubated with GST-FKBP52 recombinant protein purified as described in a previous work (17) .
direct association of purified RelA and recombinant FKBP52 shown in Fig. 2G . This direct association strengthens the hierarchical role of these immunophilins in signal transduction cascades as it implies that these proteins exert regulatory roles by themselves.
FKBP51 and FKBP52 Regulate the Transcriptional Activity of NF-B by Recruitment to Promoter Regions of Target Genes-To determine if the expression level of immunophilins affects
NF-B transcriptional activity, FKBP51 or FKBP52 were expressed at different levels, and NF-B-dependent transcription was triggered with PMA. Fig. 3A shows that FKBP51 inhibits NF-B transcriptional activity, whereas Fig. 3B shows that FKBP52 strongly favored such activity.
We next performed an EMSA assay to evaluate the potential association of NF-B with a consensus sequence that is recognized by NF-B. The supershift observed in Fig. 3C with an anti-RelA antibody demonstrates the specificity of signal for endogenous RelA. Fig. 3D shows loss of signal for HA-RelA with both antibodies, anti-FLAG and anti-HA, in samples derived from FLAG-FKBP51 and HA-RelA co-transfected cells. Fig. 3E shows the increased recruitment of RelA to the DNA in nuclear cell extracts treated with PMA, a property that is impaired by FKBP51 and favored by FKBP52.
To assay the biological response of an endogenous gene, BeWo cells were used. This placenta choriocarcinoma cell line produces high amounts of matrix metallopeptidase 2 (MMP2) (30) and responds to PMA stimulation via NF-B activation (45) . In agreement with the results described above, the zymographies shown in Fig. 3F demonstrate that a high level of expression of FKBP51 reduced the release of MMP2 to the medium, whereas the opposite effect was observed for FKBP52. Importantly, all these observations related to the role of immunophilins on the biological response of NF-B target genes were confirmed by ChIP assays for endogenous immunophilins (Fig.  3G) . Consistent with the endogenous immunophilin swapping observed in Fig. 2 , A and F, this ChIP assay demonstrates that endogenous immunophilins exchange on the promoter sequence of the matrix metallopeptidase 9 (MMP9) gene, a known classic target of NF-B (46) . In contrast to other MMPs that are cell-specific, MMP9 is widely expressed in various cell types (47, 48) . Therefore, the regulatory mechanisms for this MMP should be more complex than for others. These results suggest that the expression balance of FKBP51 and FKBP52 may be part of such still poorly understood mechanism of regulation.
FKBP51 and FKBP52 Regulate Endogenous NF-B-dependent Biological Responses Triggered by Various Stimuli-
Because the experiments shown in Fig. 3 , F and G, demonstrate that FKBP52 is a strong activator of the NF-B-dependent biological response, we asked whether the ligand macrolide FK506 could affect that response. The zymography shown in Fig. 4A demonstrates that the endogenous biological response is fully abrogated by preincubation of the cells with the inhibitory macrolide FK506, suggesting an apparent dependence of the biological action of the immunophilin with its PPIase enzymatic activity. FKBP51 was included as an internal control. In a separate zymography assay, FK506 was also used to prevent the inhibitory action of FKBP51, but no differences with the control were observed (data not shown), suggesting that at variance of FKBP52, the PPIase activity appears not to be required for FKBP51.
To determine if immunophilins affect NF-B transcriptional activity triggered by other stimuli than PMA, TNF␣ also was assayed. HEK 293T cells were treated with 10 ng/ml TNF␣ for 6 h. Luciferase activity induction confirmed that FKBP51 has inhibitory action, and FKBP52 is a strong enhancer of NF-B activity (Fig. 4B ).
It has been previously reported that BeWo cells produce IL-6 via NF-B upon stimulation with phorbol esters or IL-1␤ (49, 50) . Therefore, these cells were stimulated with PMA for 24 h and 48 h (Fig. 4C ) or IL-1␤ (Fig. 4D) , and IL-6 expression was measured confirming the roles of both immunophilins on different types of NF-B target genes.
Role of the FKBP51 and FKBP52 TPR Domains-Usually, FKBP51 and FKBP52 form heterocomplexes with Hsp90 via their TPR domains, such that both immunophilins form a functional complex with this essential chaperone. Nonetheless, the co-immunoprecipitation assays shown in Fig. 2 demonstrate that the complexes of these FKBPs with NF-B are Hsp90-independent. We next analyzed such unexpected property from the functional perspective. The potential involvement of the TPR domain of FKBP51 and FKBP52 on the regulation of the transcriptional activity of NF-B was assessed by competition with the TPR domain. Both the inhibitory action of FKBP51 ( Fig. 5A ) and the stimulatory effect of FKBP52 (Fig. 5C ) were reversed by the increased expression of the TPR peptide. To analyze whether this effect is due to the ability of these immunophilins to interact with Hsp90 in some other point of the signaling cascade, point mutants in the TPR domain that are unable to interact with Hsp90 were assayed. The inhibitory action of FKBP51 was not modified (Fig. 5B ) compared with controls transfected with wild type FKBP51, whereas the stimulatory action of FKBP52 was still observed (Fig. 5D ). This observation agrees with the functional recruitment of FKBP52 shown in the co-immunoprecipitation assays of Fig. 2 . Taken together, these results suggest that the regulatory action of both immunophilins may involve their TPR-domains but not due to association with Hsp90.
FKBP52 Regulatory Action Is PPIase Activity-dependent-Because the PPIase activity can affect the conformation and orientation of small peptides and the helixes of larger proteins, we analyzed the potential role of such enzymatic activity in the regulation of the biological response of NF-B. The first approach was to analyze the transcriptional activity of NF-B in cells stimulated with PMA in the presence of FK506, a pharmacological inhibitor of the PPIase activity of FKBP proteins. . C, RelA binding to an NF-B consensus sequence of DNA was analyzed by EMSA using the nuclear fractions of HEK 293-T cells stimulated with 100 ng/ml PMA for 60 min. The specificity of the shifted complexes detected by EMSA was evaluated after a pretreatment of 30 min with an excess of cold competitors (B), nonspecific immunoglobulin (NI), and a specific antibody anti-RelA (␣-RelA). D, HEK 293-T cells were co-transfected with pcDNA3-HA-RelA and pCI-neo-FLAG-hFKBP51 and incubated with 100 ng/ml PMA for 60 min, and the extracts were pretreated with a specific antibody anti-RelA (␣-RelA), anti-FLAG tag antibody (␣-FLAG), and anti-hemagglutinin tag antibody (␣-HA). Arrowheads show specific DNA-protein complexes, antibody-DNA-protein complexes (supershift), or free B consensus sequences. E, profiles of RelA binding to DNA in cells overexpressing FKBP51 or FKBP52 that were stimulated (or not) with PMA. F, zimography for MMP2 in BeWo cells. C, control cells; PMA, cells treated with 100 ng/ml PMA; 51 and 52, cells transfected with 4 g of pCI-neo-hFKBP51 or pCI-neo-hFKBP52 and then treated with PMA. The bar graph represents the optical density for both bands MMP2 full-length (black) and pro-MMP2 (gray). G, ChIP using the NF-B promoter site of MMP-9 in HEK 293-T cells treated (ϩ) or not (Ϫ) with 100 ng/ml PMA for 30 min. ChIPs were performed using antibodies against both immunophilins or a nonspecific immunoglobulin (NI), followed by quantitative real-time PCR. Input chromatin (1%) was removed from samples before immunoprecipitation and also subjected to quantitative real-time PCR to control any potential variation of the starting material.
Although the overexpression of FKBP51 reduced the transcriptional activity of NF-B to 48.7 Ϯ 4% compared with controls transfected with empty vector, the presence of 1 M FK506 did not modify that effect of the immunophilin (47.2 Ϯ 7.5%), suggesting that the inhibitory action of FKBP51 does not require its PPIase activity. This result agrees with the lack of effect of this drug on MMP2 release upon stimulation of BeWo cells with PMA as discussed before. Nonetheless, this is a pharmacological approach. A conclusive confirmatory experiment was the transfection of an FKBP51 mutant devoid of PPIase activity (FD67/68DV) (Fig. 6A) . Therefore, it is concluded that the effect of FKBP51 on NF-B transcriptional activity depends on the presence of the immunophilin itself and does not lay on its PPIase activity.
On the other hand the highly stimulatory action of FKBP52 (303.7 Ϯ 34.7%) was almost fully abolished by FK506 (31.5 Ϯ 15.0%). Similarly, the overexpression of two PPIase inactive mutants of FKBP52 (F67Y and F1300Y) also decreased the transcriptional activity of NF-B to a similar extent (Fig. 6B ). This demonstrates a relevant role for the PPIase activity of FKBP52 on the stimulatory action of NF-B. As expected, the co-transfection of increasing amounts of wild type FKBP52 partially reversed the inhibitory action of the mutants to the levels measured for controls. Fig. 3F shows that the stimulatory action of FKBP52 on NF-B action is impaired by cell preincubation of cells with 1 M FK506 for 30 min. Bar graphs are the optical densities scanned for four independent gels (mean Ϯ S.E.). Results are the percentage of induced MMP activity after subtracting the basal activity. *, Significantly different compared with the control group (p Ͻ 0.003). B, HEK 293T cells were stimulated with 10 ng/ml TNF␣ for 6 h, and NF-B activation was assessed by the induction of a luciferase reporter genes. IL-6 expression was measured after treatment of BeWo cells with 100 ng/ml PMA for 24 or 48 h (C) or with 0.5 ng/ml IL-1␤ for 24 h (D). All the transfections with immunophilins or empty vector used 1 g of DNA. Results of panels B, C, and D represent the mean Ϯ S.E. of three independent experiments. *, Significantly different from controls at p Ͻ 0.05.
The Stimulatory Effect of FKBP52 Is Antagonized by FKBP51 and the GR-Given the fact that FKBP51 and FKBP52 share high homology and because they usually exhibit opposite effects in other systems, we hypothesize that the opposite biological action evidenced in this work could be due to competition between both proteins. Cells were transfected with a constant amount of FKBP51 and increasing concentrations of FKBP52 (Fig. 7A ). As expected, the inhibitory action of FKBP51 was reversed by FKBP52. Note that the high stimulatory effect of 1 g FKBP52 alone is reduced when a similar amount of FKBP51 is also co-transfected. In line with these observations, a cell line that overexpresses FKBP51 in a stable manner shows lower activation by FKBP52 (Fig. 7B) .
Because GR is able to form heterocomplexes with NF-B and also recruits immunophilins to its own chaperone complex, it was speculated that the biological action of NF-B could also be antagonized by GR. The transfection of pSV2Wrec-GR encoding for rat GR did not affect either basal (0.8 Ϯ 0.3%) or PMAinduced activity of endogenous NF-B (91.5 Ϯ 9.6%). Co-transfection of FKBP51 showed equivalent inhibitory action on NF-B transcriptional activity (48.2 Ϯ 3.2%), but the stimulatory effect of co-transfecting FKBP52 could not be evidenced in GR expressing cells (63.0 Ϯ 2.5%). In agreement with the expected results, the lack of stimulatory effect was assigned to the known fact that FKBP52 greatly potentiates GR activation (19, 51) and consequently increases the number of GR⅐NF-B heterocomplexes able to transrepress the biological response of NF-B (52).
DISCUSSION
In previous works we demonstrated that steroid receptor action is regulated in an antagonistic manner by the high molecular weight immunophilins FKBP51 and FKBP52. In both cases, the association of the immunophilins with Hsp90 was essential. In this study we clearly demonstrate that the biological activity of NF-B is affected in a similar manner, such that FKBP51 shows inhibitory effects and FKBP52 shows stimulatory effects. In contrast to steroid receptors, these biological actions are Hsp90-independent for NF-B. This is confirmed by the fact that point mutants in the TPR domains of the FKBPs unable to bind Hsp90 show similar effects as the wild type immunophilins. Nevertheless, the overexpression of a TPR peptide inhibits the biological action of both proteins, suggesting that the domain itself is required at some point in the mechanism of action, perhaps for interacting with other regulatory factors such as cofactors (53) . On the other hand, the PPIase activity of FKBP52 is very important for its stimulatory action, although this enzymatic activity is not required for the FKBP51 inhibitory action. A similar independent effect on the PPIase activity was described for the regulation of the GR by FKBP51 (19, 54) , whereas a PPIase-dependent mechanism is implicated for FKBP52 (19, 51) .
One interesting extrapolation of these effects is that the biological action of NF-B may be regulated in different tissues and cell types by the overall expression balance of both immunophilins, which could contribute in part to the pleiotropic actions of NF-B. Moreover, our assays showed that Hsp70 is also a RelAinteractor, which is in agreement with a very recent report in neurons (44) , where the nuclear translocation of both RelA and Hsp70 was postulated to occur as a protein-protein complex. Interestingly, the up-regulation of Hsp70 was also reported to induce nuclear translocation of RelA in rat liver cells (55) .
Upon phosphorylation of the NF-B inhibitory protein IB by a kinase located upstream, the IKK complex, NF-B dimers are transported to the nucleus. Even so, a dynamic nuclearcytoplasmic shuttling of NF-B complexes always takes place (9 -11) such that a basal transcriptional activity of NF-B is always present because the IB⅐NF-B complex is also subject to dynamic dissociation/reassociation events. Experiments with IKK␣ knock-out mice (56) demonstrated defective cell proliferation and differentiation and have also shown that IKK␣ is dispensable for IB degradation. Moreover IKK␣ has been reported to be required for the termination of NF-B activation (57) . A physical interaction between FKBP51 and the IKK complex has been demonstrated, most likely via the IKK␣ subunit bound to Hsp90 (58, 59) , but the biological function of FKBP51 on IKK signaling is still unclear (59) . Although down-modulation of Hsp90␣ and Hsp90␤ likewise resulted in reduced kinase activity, it has been shown that FKBP51 is not a constitutively associated component of the IKK complex (59) , and its downmodulation interfered with neither TNF␣-induced IKK activity nor IB␣ degradation and RelA translocation. Actually, the prevailing complex for the IKK⅐Hsp90 complex to generate an activated state is the one that recruits Cdc37 rather than FKBP51 (59), both factors being transiently associated with NF-B. Interestingly, it was reported that TNF␣ is unable to modify the association of IKK with those interacting factors (59) . In short, the role of FKBP51 on NF-B signaling cascade remains still elusive. Our study demonstrates an inhibitory action for this immunophilin on NF-B signaling and, therefore, suggests the possibility that NF-B biological activity could be mitigated in those tissues where the expression of FKBP51 is constitutively high or induced by stimuli. The opposite reasoning is equally valid for tissues that express different amounts of FKBP52, a clear stimulating factor of NF-B activity. In line with these concepts, it should be emphasized that both the subcellular distribution and transcriptional activity of steroid receptors is modulated by the expression level of these two immunophilins (17, 18, 43) . Consequently, based on the experimental data shown in this work, we would like to propose a novel mechanism of regulation of NF-B by FKBPs that affects NF-B activation at different levels, i.e. nuclear transport, nuclear retention, and transcriptional activity ( Fig. 8) .
To the best of our knowledge this work is the first that shows such antagonistic activity of high molecular weight immunophilins on NF-B biological action and also shows the first evidence that both endogenous immunophilins are dynamically recruited to the promoter sites of target genes. In line with our findings where endogenous proteins were analyzed, a recent report by Romano et al. (60) has also shown that overexpressed FLAG-tagged FKBP51 forms part of the transcriptional complexes of ABCG2 (ATP binding cassette transporters) in melanoma cells.
A crucial nuclear mechanism for gene expression is the modification of the chromatin environment of the respective genes. It has been shown that when NF-B is activated, histone phosphorylation can be mediated by nuclear IKK␣ that is recruited to the promoter sites of NF-B-regulated genes (61, 62) . Among a number of chromatin remodelers is the PPIase protein Pin1 (63) , which is an immunophilin that targets RelA (64) . Because PPIase-induced conformational changes have functional effects on target proteins, the action of Pin1 on RelA is reflected in a more efficient nuclear accumulation of RelA and also a greater stability by preventing its ubiquitin-mediated proteolysis (64) . In certain types of cancer cells, Pin1 is usually The p50⅐RelA dimer is associated to FKBP51 in its inactive cytoplasmic state ( Fig. 2A ). Hsp70 is also part of the heterocomplex (Fig. 2E) . Upon cell stimulation, the kinase activity of IKK is activated by phosphorylation via the cdc37⅐(Hsp90) 2 interacting complex (59) . This results in IB phosphorylation, its dissociation from the NF-B complex, and the subsequent degradation of IB via proteasome. Active NF-B replaces FKBP51 by FKBP52 (Fig. 2F) , which is able to interact with dynein⅐dynactin motors proteins (15) , favoring both the retrotransport of NF-B (11, 40) and its interaction with the nuclear sites of action. FKBP52 greatly favors (ϩϩϩ) NF-B biological action (Fig. 3B ) in a PPIase-dependent manner (inhibited by FK506) when the immunophilin is recruited to the promoter sites of NF-B target genes (Fig. 3G ). On the other hand, the recruitment of FKBP51 to those promoters inhibits the NF-B biological response (Fig. 3A) . Both immunophilins compete one another (7) and can hamper the original effect of the other (Fig. 7) . The steroid-dependent activation of the GR, which is also improved by FKBP52 (19, 51) , also prevents NF-B effects via its known mechanism of tans-repression (52).
up-regulated (65) (66) (67) , whereas the E3-ubiquitin-ligase of RelA, SOCS1, is down-regulated (68 -70) or mutated (71) , all of which may contribute to the constitutive activation of NF-B in those cancers. A similar mechanism can be proposed here for the expression balance of FKBP51 and FKBP52, in particular for the latter immunophilin, which shows an important stimulatory action dependent on its PPIase activity.
Given the role played in the initiation and progression of cancer, the NF-B signaling pathway is a potent node of pharmacological interference in the clinic. Because NF-B is also an essential protein in the immunological response against cancer, there has been a reluctance to use NF-B-targeting inhibitors for the treatment of such malignancies. Nevertheless, combining classical chemotherapeutics with inhibitors of NF-B activation seems to result in a promising synergistic strategy (72, 73) . Elevated NF-B activity and/or higher half-life persistence in the nucleus of cancer cells (like that evidenced with greater amounts of FKBP52 in Fig. 1A ) provide a survival mechanism by up-regulating anti-apoptotic genes, thereby representing a major causative factor for drug resistance (74) . In line with this concept, it has been shown that 0.1 M rapamycin abolishes doxorubicin-induced activation of NF-B and thereby enhances drug-induced apoptosis, an effect that was first assigned to FKBP51 inhibition (75) . However, that drug concentration cannot guarantee specificity of action as rapamycin can equally interact with FKBP51 (K i Ͻ 5 nM) (76, 77) and FKBP52 (K i Ϸ 8 nM) (78, 79) . Even though FKBP51 can interact with IKK (58), an up-stream regulator of the NF-B signaling cascade, it has been demonstrated that FKBP51 is not a constitutive member of the IKK complex (59) , and the biological consequence of such association (when it takes place) is unknown at this point. Nonetheless, we cannot rule out the possibility that differences among cell types may exist such that NF-B is regulated in different manner.
Here, we demonstrate that in the biological systems we assayed, FKBP51 shows inhibitory rather stimulatory action on the overall activity of NF-B and that this effect is not dependent on the PPIase activity (which is inhibited by rapamycin or FK506). Because FKBP52 also shows a stimulatory action on NF-B action in a PPIase-dependent manner, we propose that a likely explanation for all these experimental facts, ours and those reported by others, is the PPIase-dependent (drug-inhibited) stimulatory role of FKBP52 on NF-B activation. Accordingly, zymographies like those shown in Fig. 3F performed in the presence of FK506 fully abolished the production of MMP2 in BeWo cells stimulated with PMA (Fig. 4A) .
The development of immunophilin ligands appears to have promising perspectives in the coming years (80) . Thus, the ability to regulate the functions of a specific protein using cellpermeable small molecules like those that bind FKBPs is an unquestionably powerful method, not only to study biological systems, but also a desired alternative to be used in therapeutic treatments. Ideally, the biological function of certain nuclear factors could be regulated if we can influence the mechanisms by which they reach their sites of action. In this sense, because NF-B is active in many cancer cells and its persistent localization in the nucleus strengthens or directly leads to tumor development, we propose that targeting specifically the PPIase activ-ity of FKBP52 could be a novel regulatory approach to inhibit NF-B activity.
